We investigated the magnetic and crystal structures of the recent reported magnetoelectric system LiCrSi 2 O 6 by powder neutron diffraction. Below T N = 11.5 K, an antiferromagnetic order appears. It is characterized by an antiferromagnetic coupling within the CrO 6 octahedra chains and a ferromagnetic coupling between the chains. The magnetic order is commensurate with the lattice with k = 0. The associated magnetic space group is P2 1 Ј/c. This symmetry is in agreement with the reported magnetoelectric effect. We show that the magnetic frustration in this system is small. Finally, we discuss our results using a Landau phenomenological model and in the light of the literature.
I. INTRODUCTION
In recent years, the coupling between magnetic and dielectric properties in transition-metal oxides gave rise to a significant research effort. [1] [2] [3] This effort is governed by the emergence of new fundamental physics and potential technological applications. [2] [3] [4] Multiferroic materials exhibit simultaneously ͑ferro͒magnetic, pyroelectric, and ferroelastic properties. Contrary to multiferroic materials, magnetoelectric materials show an induced electrical polarization by a magnetic field. A proper understanding of the interplay between the various physical properties of these two types of materials relies heavily on the knowledge of the detailed crystal and magnetic structures.
Recently pyroxene materials with the general formula AMSi 2 O 6 ͑A =Li,Na;M=Fe,Cr͒ have been reported as multiferroic materials. 5 This family of materials provides a large playground for physicists in condensed matter where A may be alkali or alkaline-earth elements, M being various metals with valence state 2+ or 3+ and Si 4+ can be replaced by Ge 4+ . Due to the presence of chains of octahedra which can be magnetic, this family of materials has attracted much attention. It exhibits interesting properties such as spin gap system in NaTiSi 2 O 6 ͑Ref. 6͒ and low dimensional magnetic system in LiVGe 2 O 6 . 7 While these pyroxenes have been the subject of various studies, [5] [6] [7] [8] [9] [10] [11] [12] the complete magnetic structures are known only for few members of this class. 7, [11] [12] [13] In order to understand and interpret properly the interplay between the dielectric and magnetic properties of this new multiferroic family, the determination of the magnetic structure of their members is necessary. Jodlauk et al. 5 suggested that several members of the pyroxene family among which LiCrSi 2 O 6 exhibit an incommensurate magnetic structure. This incommensurability of the magnetic structure would be the result of the geometrical magnetic frustration present in this family and would explain the reported multiferroic properties.
In this contribution, we have investigated the crystal and magnetic structures of LiCrSi 2 O 6 using powder neutron dif-fraction as function of temperature and magnetic field. We show that LiCrSi 2 O 6 exhibits a rather unexpectedly simple magnetic structure characterized by k = 0 with a magnetic symmetry compatible with a linear magnetoelectric effect. We discuss this linear magnetoelectric effect using a Landau phenomenological model. Finally we discuss the literature. We illustrate through the known reported magnetic structure of several pyroxenes that all of them exhibit a simple magnetic structure with k = 0. In particular, we show that the reported magnetic structure of LiFeSi 2 O 6 is incompatible with the reported magnetoelectric effect.
II. EXPERIMENT
Polycrystalline samples of LiCrSi 2 O 6 were prepared by a solid-state reaction with an appropriate molar ratio of Li 2 CO 3 , Cr 2 O 3 , and SiO 2 . The weighted mixtures were pressed into pellets and heated at 1273 K in air for several days with one intermediate grinding.
Neutron-diffraction measurements were carried out on powder LiCrSi 2 O 6 . The data were collected with the doubleaxis multicounter high-flux diffractometer D1B at the Institut Laue-Langevin ILL Grenoble using 2.52 Å wavelength selected by a pyrolytic graphite monochromator. In the configuration used, the resolution of D1B was about full width at half maximum ͑FWHM͒ ϳ0.3°. The multicounter is composed of 400 cells covering a total angular domain of 80°͑in 2͒. The data collection was made in the temperature range 1.8Ͻ T Ͻ 15 K. The stoichiometry of the compound as well as the precise crystal structure was investigated using highresolution powder data at room temperature, 15 and 1.8 K from D2B diffractometer at the ILL. The measurements were carried out at a wavelength of 1.594 Å corresponding to the ͑335͒ Bragg reflexion of a germanium monochromator. The neutron detection is performed with 3 He counting tubes spaced at 1.25°intervals for D2B. A complete diffraction pattern is obtained after about 25 steps of 0.05°in 2. D1B and D2B are powder diffractometers operating with the takeoff angle of the monochromator at 44°and 135°͑in 2͒, respectively. Neutron-diffraction measurements have also been recorded on LiCrSi 2 O 6 samples in magnetic fields of up to 6 T at 2 K using a cryomagnet. The powder was pressed in tablets in order to preclude the grains' movement in the magnetic field. Diffraction data analysis was done using the FULLPROF refinement package. 14
III. RESULTS

A. Crystal structure
The pattern was refined in the space group P12 1 / c1, taking as starting structural model the structure reported by Redhammer and Roth. 9 The refined lattice parameters are a = 9.5355͑3͒ Å, b = 8.5809͑3͒ Å, c = 5.24898͑16͒ Å, and ␤ = 109.9303͑5͒°at room temperature. Within the error bars, our refinement at room temperature is similar to the single crystal reported previously. 9 Since the crystal structure of the pyroxene family has been investigated in details already in the literature, we shall present here only our results at 15 K. The good agreement between the calculated and observed patterns at 15 K is presented in Fig. 1 .
The most characteristic parameters after the refinement are listed in Table I . A selection of the most important atomic distances and bonding angles are included in Tables II and  III . Attempts of refinements of Cr and Li occupancies did not give evidence for the formation of vacancies neither for antisite disorder.
We recall here for the general reader the main structural features of the pyroxene family. This system exhibits a chain of edge-sharing CrO 6 octahedra running along the crystallographic axis c. These quasi-one-dimensional chains are connected by chains of SiO 4 tetrahedra. The packing of the CrO 6 octahedra chains linked by SiO 4 tetrahedra chains gives rise to a triangular magnetic lattice. Within the CrO 6 chains, there are two different magnetic interaction paths: Cr-O 1a -Cr and Cr-O 1b -Cr. The respective angles are 98.4͑1͒°and 97.8͑1͒°at room temperature. Within the error bars, these angles remain unchanged while lowering the temperature down to 1.8 K.
B. Determination of the magnetic structure
The temperature dependence of the neutron powderdiffraction patterns collected as function of temperature on the D1B diffractometer is shown in Fig. 2 . Below T Ӎ 11.5 K, new diffraction peaks appear while some Bragg peaks increase in intensity. This confirms the appearance of a magnetic ordering below T = 11.5 K, in good agreement with The refinement has been done in the P2 1 / c space group with a = 9.5121͑5͒ Å, b = 8.5728͑4͒ Å, c = 5.2241͑3͒ Å and ␤ = 109.7657͑6͒°with the following statistics ͑corrected from back-ground͒: R p = 4.25% and R wp = 5.50%. TABLE I. Crystallographic coordinates extracted from the Rietveld refinement carried out on powder neutron diffraction ͑D2B͒ using the space group P12 1 / c1 at 15 K. The associated cell parameters are a = 9.5121͑5͒ Å, b = 8.5728͑4͒ Å, c = 5.2241͑3͒ Å, and ␤ = 109.7657͑6͒°.
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the magnetic data. 15 The magnetic reflections can be indexed by the propagation vector k = 0.
The possible magnetic structures compatible with the symmetry of LiCrSi 2 O 6 are determined by following the representation analysis technique described by Bertaut. 16 For the propagation vector k = 0, the small group G k , formed by those elements of the space group that leave k invariant, coincides with the space group P2 1 / c. For k = 0, the irreducible representations of the group G k are those shown in Table  IV . 18 A representation ⌫ is constructed with the Fourier components m k corresponding to the Cr atoms of the Wyckoff position 4e. The Cr atoms at the site 4e are denoted as ͑1͒ ͑x , y , z͒, ͑2͒ ͑x , y
The decomposition of the representation ⌫ in terms of the irreducible representations ⌫ k is for the 4e site,
We have four Cr 3+ ions per unit cell. Consequently, there are four different possible couplings between them: one ferromagnetic configuration and three antiferromagnetic ones. Equation ͑2͒ shows these four possibilities. The different basis vectors associated with each irreducible representation and calculated by using the projection operator technique implemented in BASIREPS. 17 They are presented in Table V . There are four possible magnetic structures. We have carried out refinements at the lowest measured temperature on D2B ͑T = 1.8 K͒ with the four possible magnetic structures. We present in Fig. 3 the results of the refinements. The associated R mag factors associated to the models ⌫ j are 24.8%, 10.7%, 53.4%, and 7.7% for ⌫ 1 , ⌫ 2 , ⌫ 3 , and ⌫ 4 , respectively
According to the experimental results the magnetic structure is given by the basis vectors of the irreducible representation ⌫ 4 . This corresponds to a magnetic structure with the moments oriented mostly in the ac plane with a small component along the b axis, as shown in Fig. 4 . The chains of CrO 6 octahedra are ferromagnetically coupled while the coupling within the chains is antiferromagnetic. The thermal evolution of the magnetic moments is displayed in Fig. 5 . The magnetic components of the Cr 3+ ion determined using the D2B data at 1.8 K are L 2x = 2.12͑4͒ B ; L 3y = 0.29͑8͒ B , and L 2z = 1.15͑8͒ B . The values of the magnetic moments reach saturation below 5 K and the orientation of the moments with respect to the a axis remains nearly constant below T N . The magnetic moment at T = 1.8 K is ʈ͑Cr 3+ ͒ʈ = 2.06͑4͒ B . This is about 16% of reduction compared to the saturation of the magnetic form factor of Cr 3+ determined experimentally which is 2.5 B . 19 This reduced magnetic moment could be interpreted as a result from the geometrical magnetic frustration presents in this system.
In Fig. 6 , we show the temperature dependence of the cell parameters obtained from refinements of the D1B data. We observe no significant changes on passing through the Néel temperature. This observation suggests that the magnetostriction is extremely small in this material. This is confirmed by the refinements of the high-resolution data obtained at 1.8 and 15 K on the diffractometer D2B. Basis vectors x y z 
C. Study of the magnetic field dependence
In the work of Jodlauk et al., 5 the authors claimed the existence of a structural phase transition induced by the magnetic field giving rise to a ferroelectric phase. Although these authors did not give any evidence for this statement ͑no hysteresis polarization loop was recorded͒, we have investigated the magnetic and crystal structures as function of magnetic field. We have measured LiCrSi 2 O 6 at T = 2 K on the diffractometer D2B under magnetic field using a cryomagnet up to 6 T. The powder was pressed in tablets in order to preclude the grains' movement in the magnetic field. We present a selected area of the recorded patterns where the changes as function of the magnetic field are the most important in Fig.  7 .
The effect of the magnetic field is to reduce the magnetic moment from 2.06͑4͒ B at zero field to 1.93͑4͒ B at 6 T. This tendency is clearly confirmed by the progressive reduc- tion in the magnetic intensity upon increasing magnetic field ͑see inset Fig. 7͒ . Within the resolution of our data, we did not find any evidence for a magnetically induced ferroelectric phase. Our results suggest that LiCrSi 2 O 6 is a linear magnetoelectric material in agreement with the magnetic structure at zero magnetic field.
IV. PHENOMENOLOGICAL MODEL
In this section we describe a phenomenological model describing the magnetic ordering displayed by LiCrSi 2 O 6 below its Néel temperature. In addition, we investigate the coupling terms giving rise to the linear magnetoelectric effect in this material.
We use here the notations for collinear structures described in Eq. ͑2͒ and the magnetic modes defined in Table  V . The magnetic structure below T N is described by the irreducible representation ⌫ 4 . This irreducible representation is characterized by the magnetic modes L 2x , L 3y , and L 2z . Experimentally, we have determined that the contribution L 3y is smaller by a factor 4 to 7 compared to L 2x or L 2z . Consequently in our phenomenological treatment, we will consider that only L 2 has nonzero values below T N . We can decompose the expression of the free energy ⌽ in several contributions: ⌽ = ⌽ 0 + ⌽ ex + ⌽ rel + ⌽ me + ⌽ H . 20, 21 The various cou-pling terms between the various order parameters are derived from symmetry considerations. Every product of the axialvector components belonging to the same irreducible representation is invariant by time reversal and the crystal symmetry. 20 The minimization of the exchange part ⌽ ex of the free energy determines only the relative orientation of the magnetic moments S j with respect to each other
The variable is the only parameter depending of the temperature such that = 0 ͑T − T N ͒. The i 2 terms are the components of the inverse magnetic susceptibility. The minimization of the relativistic part ⌽ rel of the free energy will determine the orientation of the S j with respect to the crystal axes 20
The reported magnetoelectric effect in LiCrSi 2 O 6 requires the introduction in the thermodynamic potential of two additional contributions. One contribution must contain the possible magnetoelectric coupling terms which are of the type L i M j P k . These terms are the couplings between the sublattice magnetization L i , the total magnetization M j , and the electrical polarization P k . The other contribution is the magnetic energy 21 
͑6͒
The i terms in ⌽ me , which express the coupling of the order parameter ͑the antiferromagnetic order induced by L 2 ͒ with the electrical polarization P and the magnetization M, are of relativistic origin. The terms i,j 2 are the tensor components of the inverse dielectric susceptibility. In ⌽ me , we have also included quadratic terms in P which correspond to the dielectric energy. ⌽ H will be taken into account for discussing the effect of the applied magnetic field.
Minimization of ⌽ with respect to the components of P and M yields the following relations:
As a consequence of relations given in Eqs. ͑7͒ and ͑8͒, one can work out the magnetic field induced polarization along the following three axes:
Using the results of Eq. ͑9͒, we can write down the linear magnetoelectric tensor P i = ␣ ij H j corresponding to the irreducible representation ⌫ 4 ͑magnetic space group P2 1 Ј/ c͒,
We note that this magnetoelectric tensor is in agreement with the linear magnetoelectric effect reported in LiCrSi 2 O 6 . 5 Indeed Jodlauk et al. reported an induced electrical polariza-tion along the b axis while applying a magnetic field along the c axis. This corresponds to the linear magnetoelectric tensor term ␣ 23 . This observation confirms that the magnetic structure that we have determined is in agreement with the reported linear magnetoelectric effect. Our phenomenological model is in agreement with the absence of field induced structural transition. The temperature dependence of ␣ ij can be modeled using Eq. ͑9͒. Knowing that L 2 is proportional to , we are able to find the temperature dependence of ␣ ij . This is given in Fig. 8 .
Our phenomenological model also gives information about the two magnetic components of L 2 becoming nonzero below T N . If one assumes that i 2 are small, one can work a simple expression for L 2x and L 2z ,
If there is no applied magnetic field, we find the usual expression for a magnetic component below its Néel temperature, 20
Looking at Eq. ͑11͒, one can notice that the relativistic contribution is important ͑terms in x and z ͒ in order to describe properly the magnetic order below T N ͑L 2x L 2z ͒.
V. DISCUSSION
The crystal structure solution can be confirmed by calculation of the bond valence sum ͑BVS͒ for the various ions. 22 The Cr 3+ ion is almost saturated ͑bond valence sum ͓⌺s = 2.95͑2͔͒ and the Si 4+ ions are also saturated ͓⌺s = 4.04͑2͔͒. The Li cation in pyroxenes generally is underbonded and possess valence sums of ⌺s = 0.79-0.82. 10 This is in agreement with our refinements at room temperature with ⌺s = 0.801͑8͒. It is assumed that the long Li-O 3 in agreement with the reported induced electrical polarization along the b axis when a magnetic field is applied along the c axis. 5, 23 Jodlauk et al. 15 suggested that this material exhibits a spiral magnetic structure resulting from the magnetic frustration. Our results show that this is not the case and that the magnetic frustration is small ͑magnetic moment reduced only by 16%͒ in agreement with the ratio ͉ T N ͉ = 2.6. This reduced magnetic moment is similar to what has been reported for LiFeSi 2 O 6 . 11 While magnetic frustration is obvious from considerations on the crystal structure of these pyroxenes, this family is not a good example of a spatially anisotropic triangular lattice 24 contrary to the expectations of Jodlauk et al. 5 This discrepancy can be explained by the fact that in the model proposed by Zhang et al., there are only two antiferromagnetic coupling constants J and not three like in LiCrSi 2 O 6 as illustrated in Fig. 1 of Ref. 5 . This probably explains the absence of spiral magnetic structure.
We notice also that our refinements suggest a magnetic symmetry which do not allow any ferromagnetic moment ͑no magnetic M j components belong to the irreducible representation ⌫ 4 , see Table V͒ . This is in perfect agreement with the reported magnetoelectric effect. However, this is in opposition with the reported small ferromagnetic moment of 0.005 B by Jodlauk et al. 5 We believe that this moment is most likely the result of a small ferromagnetic impurity in their sample.
The linear magnetoelectric effect is strongly dependent on the magnetic symmetry of the system. 23 Jodlauk et al. have reported that they observe a magnetically induced electrical polarization not only in LiCrSi 2 O 6 but also in LiFeSi 2 O 6 . Several studies using powder and single crystal report a magnetic structure described by the magnetic space group P2 1 / c. 11, 12 This magnetic symmetry forbids any linear magnetoelectric effect since it contains the inversion symmetry. 23 Consequently there is a discrepancy between the reported induced electrical polarization by Jodlauk et al. and the reported magnetic symmetry. Further investigations of the dielectric properties and reinvestigation of the magnetic structure of LiFeSi 2 O 6 are necessary in order to resolve this discrepancy. Additionally, we notice that LiVGe 2 O 6 has the same magnetic structure as LiCrSi 2 O 6 . 7 Consequently, the magnetic symmetry of LiVGe 2 O 6 is compatible with the existence of a linear magnetoelectric effect.
VI. CONCLUSION
We have investigated the magnetic and crystal structures of LiCrSi 2 O 6 as function of temperature and magnetic field using powder neutron diffraction. Below T N = 11.5 K, LiCrSi 2 O 6 exhibits a long-range antiferromagnetic order commensurate with the lattice with k = 0. It is characterized by antiferromagnetic coupling within the CrO 6 chains and a ferromagnetic coupling between the chains. The associated magnetic symmetry is P2 1 Ј/ c in agreement with the reported magnetoelectric effect. The magnetic field has for consequence to reduce the magnetic moment from 2.06͑4͒ at zero field to 1.93͑4͒ B at H = 6 T. We propose a Landau phenomenological model describing the linear magnetoelectric effect in this material. We show that further investigations are required on the dielectric and magnetic properties of LiFeSi 2 O 6 in order to understand the present discrepancies. Additionally, we notice that LiVGe 2 O 6 has the same magnetic symmetry of LiCrSi 2 O 6 and thus should exhibit a linear magnetoelectric effect.
